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Microsaccades are small, quick, fixational eye movements that share a neural pathway 
with saccades, and can offer a behavioral window into the state of different neural systems. 
Microsaccade studies generally involve fixation on 2D targets constrained to a flat plane, but 
with the lack of depth cues afforded by 2D targets and images, these studies may not fully 
demonstrate microsaccadic properties during viewing of real 3D targets at different depths. This 
thesis studies how microsaccade characteristics such as binocularity, amplitude, and rate change 
during viewing of 3D targets during depth-related tasks. Recent evidence has shown that the 
saccadic premotor pathways control the eyes separately, and thus microsaccade binocularity 
contains a significant proportion of disconjugate movements, where the two eyes have different 
amplitudes and directions (Cullen & Van Horn 2012; Gautier et al., 2017).  
Here, I recorded movements from both eyes simultaneously and compared microsaccades 
generated to 2D and 3D targets that were viewed both near and far from the subject. 
Microsaccades were also recorded while subjects viewed two types of 2D images with 3D 
percepts, and lastly during the Brock string exercise, an active 3D task in vision therapy that 
involves focusing on beads placed at different distances away from the subject along a string.  
Simultaneous recordings were made using the standard scleral eye coil approach and a novel 
video-based system (VOG), which I developed as another means to track eye movements less-
invasively. I found that binocularity and amplitude distributions were significantly different 
between near and far fixational conditions in 3D, as well as in 2D illusional depth and during the 
Brock string exercise. Noise levels were found to be 90% higher in VOG compared to eye coil 
data, therefore some differences in microsaccade characteristics found using the coil technique 
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did not reach significance in the VOG data. This result emphasizes that accurate characterization 
of microsaccades requires eye measurement techniques to have minimal noise.  
Overall, my findings suggests that depth cues afford information that affects the behavior 
of microsaccade characteristics. Thus, my results have implications in understanding the 
binocularity aspects of microsaccades during visual tasks in 3D.  
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Chapter 1: INTRODUCTION  
 
1.1 Overview 
Eye movements are a critical part of our visual system, not only for taking in visual 
information but also for a variety of other functions such as directing attention, providing social 
cues, or even indicating the state of central and peripheral sensory systems such as in the 
vestibular system. Neurons from brain regions along the oculomotor pathways are involved in 
controlling 6 extraocular muscles for each eye: the medial and lateral rectus muscles controlling 
horizontal eye movements, and the superior and inferior rectus muscles and superior and inferior 
oblique muscles controlling vertical and torsional movements. These different oculomotor 
pathway neurons produce and modify a range of different eye movements that change how we 
focus on different aspects of our environment. 
 
1.2 Eye movements 
 
Visual system functions rely on a collection of eye movements which Raymond Dodge 
separated into 5 distinct classes of voluntary and involuntary movements (Dodge, 1903), 
summarized in Table 1.1. Voluntary eye movements include saccades, which are fast eye 
movements for redirecting gaze, smooth pursuit eye movements for tracking moving objects, and 
vergence movements for rotating the eyes while fixating at different depths. The involuntary eye 
movements are the vestibulo-ocular reflex (VOR) which keeps images stable while the head 
moves, and the optokinetic reflex which stabilizes vision during movement of peripheral targets 
(Cullen & Van Horn, 2011, p. 2). Microsaccades are small, fixational eye movements that are 
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saccadic and yet produced involuntarily, and therefore do not fall under only one class 
mentioned by Dodge. This thesis focuses on microsaccades, which will be expanded on below.  
 
1.3 Saccadic Burst Neurons 
 Based on studies by Robinson and collaborators, driving saccadic eye movements 
requires a pulse or burst of action potentials by motoneurons to overcome the viscosity of the 
tissues surrounding the eye. This pulse of action potentials acts as a neural command signal for 
saccades, and is generated by saccadic burst neurons (SBNs) in the paramedian pontine reticular 
formation (PPRF) and mesencephalic reticular formation (MRF) (Figure 1.1). Firing by SBNs 
have been shown through first order modeling to encode saccade trajectories (Cullen and 
Guitton, 1997; Van Horn and Cullen, 2008; Van Horn et al., 2008), and to include the excitatory 
burst neurons (EBNs) from the rostral part of the PPRF and inhibitory burst neurons (IBNs) from 
the caudal pontine reticular formation. The firing of EBNs and IBNs precede saccade onset by 
about 10-20ms (Cullen and Guitton, 1997; Scudder et al., 1988). Excitatory long-lead burst 
neurons (eLLBNs) are another class of burst neurons found in the same areas as the EBNs and 
IBNs; however, their bursts are preceded by low frequency activity 16-200ms before the saccade 
(Munoz et al, 2000). As their name suggests, saccadic burst neurons do not seem to drive other 
eye movements such as smooth pursuit and slow vergence, and their firing duration and amount 
correlate to saccade durations as well as amplitude and peak velocity (Cullen and Guitton, 1997; 
Hepp and Henn, 1983; Keller, 1974; Luschei and Fuchs, 1972; Strassman et al., 1986a, 1986b; 




1.4 The Superior Colliculus and the Saccadic Pathway 
 Saccades are the fastest type of eye movements and can reach speeds of 900 degrees per 
second. Saccades begin in the superior colliculus (SC) in the midbrain, which takes input from 
widely distributed areas including the frontal eye fields, the posterior parietal cortex, and the 
basal ganglia (for a diagram of the saccadic pathway, see Figure 1.1). The SC is organized as a 
motor map for gaze control, with saccade direction and amplitude determined by the location of 
the initiating neuron population within the SC. The SC’s motor map consists of a grid where iso-
directional lines run rostral-caudally (front to back), and iso-amplitude lines run medial-laterally 
(from and away from the midline). Stimulation of increasingly caudal sites drives increasingly 
higher amplitude saccades, while stimulation increasingly further from the midline drives larger 
changes in saccade direction. Saccade trajectory is based on the average firing of a population of 
neurons in the SC rather than on the firing of a single neuron (Visuomotor Integration, Cullen, 
2013).  
Neurons in the superior colliculus send projections to numerous brainstem areas. To 
produce saccades, the main connections lead to the  PPRF and the nucleus raphe pontis in the 
pons, as well as the  MRF in the midbrain. Premotor SBNs in the PPRF drive horizontal saccades 
and project to the abducens nuclei both directly and through the nucleus prepositus (NPH). The 
abducens nerve controls the lateral rectus muscle, which is responsible for outward gaze shifts. 
In a parallel pathway, the premotor SBNs in the rostral interstitial MRF drive vertical saccades 
and project to the trochlear nerve (cranial nerve IV) both directly and through the interstitial 
nucleus of Cajal (INC), with the trochlear nuclei controlling the inferior and superior oblique 
muscles that are important in both vertical saccades as well as oblique/torsional saccades.  
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The PPRF and the INC both innervate the oculomotor nuclei, the axons of which (cranial 
nerve III) project to the medial, super and inferior rectus muscles, which as a group control 
saccades of all directions. Neurons in the NPH, the medial vestibular nuclei, and the INC give a 
step command based on the integration of the PPRF and MRF pulse signals, holding the eye in 
its new position after the saccade is over. Saccades can be prevented by signals from omnipause 
neurons (OPNs) in the nucleus raphe pontis in the pons, which send inhibitory projections to the 
PPRF and MRF burst neurons.  
The VOR, which helps to stabilize gaze during head movements, usually involves an 
alternating pattern of eye movements called vestibular nystagmus. Nystagmus involves a slow 
compensatory phase and a quick resetting phase of eye movements, with the quick phase using 
the same neural pathway as that of the saccadic pathway (Harrison et al., 2015).  
 
1.5 Microsaccades  
 During fixation, one might assume the eyes would remain still. However, there is 
constant motor activity in the extraocular muscles, producing microsaccades and other 
movements such as drift and tremor (Martinez-Conde at al., 2009). This thesis focuses on 
microsaccades, which are small, involuntary eye movements that occur during fixation. 
Microsaccades lie on the saccadic main sequence, and are produced through the same neural 
pathways (Hafed, Goffart, Krauzlis, 2009), although one key difference is that microsaccades are 
generated in the rostral part of the SC rather than the caudal. While research has found an 
interaction between microsaccades and different cognitive processes such as perception and 
attention, much remains unknown about what affects microsaccade characteristics and in turn 
how they may influence visual processing. 
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Microsaccades generally appear synchronously between the right and left eyes, and are 
thought to counteract visual fading (Martinez-Conde et al., 2006, McCamy et al., 2012) by re-
foveating the target after intersaccadic drifts, as well as serving exploratory (Rucci, 2015), 
corrective (Cornsweet, 1956, Hafed, 2011, Otero-Millan et al, 2011), and perceptual (van Dam & 
van Ee, 2005) purposes. For example, they drive illusory motion in illusions such as the Enigma 
illusion (Troncoso et al., 2007) (Figure 1.2a) and the rotating snakes illusion (Otero-Millan et al., 
2012) (Figure 1.2b). Microsaccade characteristics have been found to change with viewing 
targets and tasks (Gautier et al., 2016; Otero-Millan et al., 2008; McCamy et al, 2013), as well as 
with location of attention during fixation (Engbert, 2006, Engbert & Kliegl, 2003b; Hafed & 
Clark, 2002). For example, microsaccades were found to be larger and less frequent during 
fixation of larger and less precise targets (Steinman, 1965, McCamy et al., 2013), and are 
suppressed during high acuity tasks such as rifle shooting or needle threading (Winterston & 
Collewijn, 1976; Ko et al., 2010; Valsecchi & Gegenfurtner et al., 2014).  
 
1.6 Debates surrounding microsaccade characteristics and functions 
Several debates surround both the characteristics and functional aspects of 
microsaccades. Microsaccade detection criteria, for example, vary across group and study, with 
different upper amplitudes being employed for detection; older studies use 12 arcmin as an upper 
amplitude (Boyce, 1967; Ditchburn & Foley-Fisher, 1967; St. Cyr & Fender, 1969; Malinov, 
Epelboim, Herst, and Steinman, 2000;), while more recent studies use 1 degree (Engbert & 
Kliegl., 2004; Engbert, 2006b; McCamy et al., 2014), 1.5 degrees (Valsecchi et al., 2007; Kliegl 
et al., 2009; Privitera et al., 2014), and even 2 degrees (Martinez-Conde et al., 2006).  
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  In discussions pertaining to functional aspects, many have questioned whether 
microsaccades serve a functional purpose. Of those who believe microsaccades lack a useful 
purpose (Kowler & Steinman, 1980, Collewijn, Kowler, 2008), reasons include that some studies 
have reported trained subjects could suppress their microsaccades (Fiorentini and Ercoles, 1966, 
Steinman et al., 1967) and that microsaccades are suppressed during high acuity tasks such as 
rifle shooting or needle threading (Kowler and Steinman, 1979, Winterson and Collewijn, 1976). 
Other reasons given include the suggestion that microsaccades result during artificial lab 
conditions (Malinov, Epelboim, Herst, & Steinman, 2000) and the finding that drifts are more 
effective than microsaccades in preventing visual fading (Gerrits & Vendrik, 1970).  
However, these studies do not rule out a functional purpose for microsaccades. For 
example, while Winterson & Collewijn believed that the decrease in microsaccade rates during 
finely guided visuomotor tasks indicates microsaccades are unnecessary in completing such 
tasks, Bridgeman & Palca believed it to merely be a way to avoid missing information during the 
saccades. Therefore, there have been different implications or interpretations of the findings used 
as evidence by those who believe microsaccades to have no use. Debates about drift and flutter 
in comparison to microsaccades have generally faded out of recent microsaccade literature as it 
has become agreed that such movements act together during fixation. Microsaccades as small 
movements may also add useful positional jitter or noise to neuronal spike information about the 
retinal image position, creating a similar result to the linearization effect of noise in different 





1.7 Microsaccades in the context of binocular vision 
To date, there are surprisingly few studies investigating the binocularity of 
microsaccades. Because everyday tasks involve looking at different depth levels, binocular 
oculomotor coordination is important for determining object and task positions. Saccades have 
been shown to coordinate binocularly (Malinov et al, 2000), but it is an open question whether 
microsaccades have a role in helping vergence during fixation. Microsaccades are thought to 
help correct fixational position as well as binocular disparity and vergence errors (Cornsweet, 
1956, Engbert & Kliegl, 2004; Pérez Zapata, Aznar-Casanova, & Supèr, 2013; Valsecchi & 
Gegenfurtner, 2014; St. Cry & Fender, 1969; Krauskopf et al., 1960). Premotor neurons have 
also been shown to code integrated commands for vergence during microsaccades (Van Horn & 
Cullen, 2011). Though there have been some arguments that drift rather than microsaccades 
corrects binocular disparity (St.Cyr & Fender, 1969) and fixation position (Steinman et al., 
1967), microsaccades have been found to work with drift to correct fixation position and 
disparity (Cornsweet, 1956; Krauskopf et al., 1960; Engbert & Kliegl, 2004). Valsecchi and 
Gegenfurtner, 2014 studied microsaccades while subjects made saccades along a slanted plane 
and found that the change in vergence angle was consistent with the horizontal direction of the 
microsaccades, meaning that microsaccades may help to control for vergence as well as change 
in amplitude depending on task. Valsecchi and Gegenfutners’ study in particular employed “gaze 
in depth” vectors as a way to analyze microsaccades moving with respect to depth. However, 
there have been mixed results as to whether microsaccades help to correct vergence error. For 
example, microsaccades that occurred after a large saccade were found to correct vergence error 
caused by a pictorial cue (Pérez Zapata, Aznar-Casanova, and Supèr, 2013), but other studies 
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have shown that microsaccades provide no change in vergence during tasks with pursuits in 
depth (Richter and Engbert, 2013). 
 
1.8 2D and 3D Targets in microsaccade studies 
In addition to a lack of binocularity studies, the microsaccade literature often fails to 
utilize 3D tasks or targets. Perhaps due to ease of changing targets and intersperse different 
attentional cues, targets, or distractions, most studies use 2-dimensional targets displayed on a 
screen. Of the few paradigms using 3D targets, LEDs have been a prime target choice whether 
for non-human primate studies (Van Horn & Cullen, 2011) or human studies (Epelboim et al, 
1997; Aytekin et al., 2013; Fang et al., 2018). High-precision acuity tasks comprise some of the 
few other tasks that involve depth cues for the participant. These include needle threading and air 
rifle firing (Winterson & Collewijn, 1976), determination of electrode tip position (Bridgeman & 
Palca, 1980), as well as a more recent study having participants position a needle tip on the 
corner of a target plate (Valsecchi and Gegenfurtner, 2014). In regard to their relationship with 
depth, microsaccades have been recorded during the tapping of objects at different depths 
(Epelboim et al, 1995), and during fixation between marks 2 to 5mm in distance on a slanted 
plane (Valsecchi and Gegenfurtner, 2014), though the later were actually microsaccade sized 
instructed saccades. Though some of these studies have employed such depth related tasks or 3D 
targets, there is more to study in terms of the depth cues available in a display as well as the 
visual properties of the display and tasks. One topic this thesis considers is how a 3D target or 




1.9 Microsaccade Conjugacy 
One of the larger debates regarding microsaccades involves their binocular 
characteristics. In particular, the Hering-Helmholtz Binocular Control debate between two 
German physiologists in the 1800s focuses on the neurophysiological basis for binocular eye 
control. Ewald Hering believed that we are born able to move our eyes in coordination, and his 
‘law of equal innervation’ states that the eye muscles are equally innervated, providing for 
coordinated or conjugate movements in the eyes. Hermann von Helmholtz, in contrast, believed 
that the brain is initially wired to allow the eyes to move independently, and that we learn over 
time to move them together. This is illustrated in Figure 1.3.  
Classically, microsaccades were thought to be strictly conjugate (Krauskopf et al., 1960, 
Møller et al., 2002, Nytröm et al., 2017, Fang, Gill, Polette, & Rucci, 2018), meaning that they 
appear synchronously in both eyes with the same amplitude and direction, and follow Hering’s 
law. However, there is evidence for the encoding of disconjugate microsaccades, in which 
microsaccades may happen monocularly or in which the amplitudes and directions of 
microsaccades may not match in the right and left eyes. Eye tracking in conjunction with neural 
recordings in monkeys during fixation has shown that the brain controls the movement of each 
eye individually (Van Horn & Cullen, 2011), which disproves Hering’s law, and has found 
disconjugate movements in more than half of the study’s detected microsaccades (Figure 1.4, 
1.5). The neural basis of microsaccades determined in non-human-primate studies such as Hafed 
et al., 2009 and Van Horn & Cullen, 2011 allows for a distribution of disconjugate movements in 




1.10 Control of disconjugate saccades and microsaccades 
The movement of each eye is encoded separately through multiple neurons and steps in 
the saccadic premotor pathway, rather than by specific conjugate and vergence commands (Cova 
& Galiana, 1995; King & Zhou, 2002; Sylvestre & Cullen, 2002; Sylvestre et al., 2003; Van 
Horn & Cullen, 2009). Cullen & Van Horn, 2012 analyzed SBN firing during conjugate and 
disconjugate saccades and showed that 1. Firing of excitatory and inhibitory SBNs synchronize 
facilitated vergence, and SBNs fire during disconjugate saccades but not during slow vergence, 
2. The majority of SBNs encode movement of one eye and not conjugate eye velocity (Figure 
1.3), 3. Computer simulations demonstrated that premotor saccadic circuitry provides the 
vergence drive to the abducens motoneurons (Van Horn et al., 2008), and that 4. Horizontal 
SBNs respond during vertical-facilitated vergence but little during vertical conjugate saccades 
(Van Horn & Cullen, 2008). These findings suggest that premotor SBNs control the driving of 
disconjugate saccades.  
Additional input is required in the saccadic premotor pathway to allow for conjugate 
movements as well as slow vergence. Conjugate movements are made possible by the medial 
longitudinal fasciculus (MLF), which consists of axons connecting the oculomotor nerve, 
trochlear nerve, and the abducens nerve. The MLF connects the interneurons of the abducens 
nucleus with the contralateral oculomotor nucleus motoneurons, as well as the vestibular nuclei 
with the oculomotor and trochlear nuclei and the interstitial nucleus of Cajal (Waitzman & 
Oliver, 2002). This allows for synchrony across the different eye muscles. While SBNs encode 
for disconjugate saccades, they do not fire during slow vergence. Slow vergence requires input 
from the central mesencephalic reticular formation, in which near-response neurons that project 
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to the medial rectus motoneurons were found to fire proportionally to vergence angle, and to be 
silent during conjugate saccades (Mays, 1984; Judge & Cumming, 1986; Zhang et al., 1992). 
This physiological evidence for disconjugate control in saccades provides a background 
for the mechanism of disconjugate movements in microsaccades. However. it remains a question 
as to how this disconjugacy or binocularity distribution came to be and what it may be affected 
by. This thesis investigates how the disconjugacy distribution and other microsaccade 
characteristics such as amplitude distributions, main sequence slopes, and rate are influenced by 
the presence or absence of visual depth cues. 
 
1.11 Research Goals  
In this thesis, I explore how microsaccade binocularity, as well as amplitude, main 
sequence slopes, and rate are affected by depth in conditions of 1). 3D vs 2D depth, 2). Illusional 
depth, and 3). Active 3D depth.  
While eye coils are the gold standard in eye movement recordings, their invasive nature 
has spurred work using video oculography (VOG) systems as an alternative. Contemporary, 
state-of-the art video trackers have already been shown to detect microsaccades in substantial 
agreement with scleral eye coils (McCamy et al., 2015). In this thesis, eye movements in humans 
were recorded using a newly developed video tracking system in conjunction with eye coils in 
order to validate the VOG system’s suitability for studying microsaccades using non-invasive 





Chapter 2: Microsaccade Disconjugacy Distributions and Characteristics in 




Microsaccades have been found to occur monocularly as well as in a distribution of 
disconjugate movements. In most microsaccade studies, however, they are studied using targets 
displayed on a 2D plane, lacking the depth cues available in the normal day-to-day visual world. 
In this study, I investigated how microsaccade characteristics, in particular their degree of 
disconjugacy, change between fixation on “near” and “far” targets in different depth contexts using 
2D, 3D, and depth illusion targets. Distributions of disconjugacy varied significantly between 2D 
and 3D target fixation for both near and far, as well as between near and far conditions for 




Saccadic eye movements are an important behavioral window into the state of different 
neural systems, and their connection to microsaccades by neural pathways means that 
microsaccades may offer similar readouts of the brain’s internal state. Microsaccades, which are 
small, involuntary eye movements that occur during fixation, are believed to play important roles 
in functions such as counteracting visual fading (Martinez-Conde et al., 2006, McCamy et al., 
2012), providing corrective (Cornsweet, 1956, Hafed, 2011, Otero-Millan et al, 2011), and 
exploratory movements (Rucci, 2015), as well as driving perceptual (van Dam & van Ee, 2005) 
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changes. It is known that microsaccade characteristics are affected by viewing targets and tasks 
(Gautier et al., 2016; Otero-Millan et al., 2008; McCamy et al, 2013) as well as by location of 
attention during fixation (Engbert, 2006, Engbert & Kliegl, 2003b; Hafed & Clark, 2002), however 
there remains more to be discovered as to how and why microsaccades are produced.  
Studies have now shown that the saccadic pathway allows for control of each eye 
individually rather than through conjugate and vergence commands (Cova & Galiana, 1995; King 
& Zhou, 2002; Sylvestre & Cullen, 2002; Sylvestre et al., 2003; Van Horn & Cullen, 2009), a 
finding that can be reasonably extrapolated to the conjugacy of microsaccades. Microsaccades 
recorded when monkeys fixated on LEDs at different distances showed a conjugacy-disconjugacy 
distribution (Cullen and Van Horn, 2012). Investigating how this distribution changes with 
different targets may offer key insight into perception and other visual coding processes. 
Surprisingly however, most studies only consider microsaccades that are synchronous and 
conjugate, which leaves more to be discovered about their disconjugate properties. Along with the 
lack of disconjugate-focused microsaccade studies is the lack of studies employing targets and 
tasks that are 3D in nature, as the majority of the microsaccade literature presents targets in 2D, 
usually on a screen. With the lack of depth cues afforded by 2D targets and images, eye movements 
recorded under these conditions may not accurately reflect microsaccade characteristics during 
viewing of real-world targets. Comparison of microsaccade characteristics during 2D versus 3D 
target fixation may therefore shed light on how depth cues affect these small eye movements. 
This study aims to take a deeper look into the conjugacy-disconjugacy distribution of 
microsaccades, and to examine whether the distribution and other microsaccade characteristics are 
affected by factors related to depth. First, I compared microsaccades generated during fixation on 
3D spheres placed at 15cm (“near”) and 90cm (“far”) away from the subject. For comparison as a 
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control paradigm, subjects also viewed a 2D representation of these same spheres in which each 
sphere subtended the same angle on the retina (Figure 2.1). Second, I compared microsaccades 
while subjects viewed two types of 2D images constructed to produce 3D percepts – a ‘Magic Eye’ 
image that requires convergence to see a hidden 3D donut (Figure 2.2), and an spiral illusory depth 
pattern (Figure 2.3). The conjugacy and disconjugacy of microsaccades was compared while 
subjects viewed the near versus far aspects of the illusions. Third and finally, I recorded eye 
movements while subjects performed the Brock string exercise, which is an active 3D task in vision 
therapy that involves focusing on beads placed at different distances away from the subject along 
a string (Figure 2.4). In this exercise, subjects perceive two crossing strings as they fixate on each 
bead, and are instructed to adjust their gaze such that the strings cross perceptually in or at the 
bead. Vision therapy techniques such as the Brock string exercise have been shown to improve 
visual strategies and conditions such as convergence insufficiency and visual accommodation 
(Maxwell, Tong & Schor, 2012; Jang et al., 2017; Wong et al., 2021), and this exercise in particular 
provides visual and oculomotor feedback, helping users improve their convergence. 
In this study, an eye coil system was used to record eye movements in subjects. I also 
developed a new video oculography (VOG) system for non-invasively tracking eye movements in 
humans. As the eye coil system is the gold standard for eye tracking, binocular eye movements 
collected simultaneously from both systems were compared to evaluate if the quality of tracking 
by this new VOG system was sufficient for detecting microsaccades when compared to those 
detected in eye coil recordings.  
I hypothesized that binocularity distributions would be significantly different between 
fixation of targets at different 3D depths, but not at depths represented in 2D. I further hypothesized 
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the same differences in microsaccade characteristics at different static 3D depths would be found 
in the more dynamic Brock string exercise.  
My results demonstrate that 1). The binocularity and amplitude distributions, as well as the 
main sequence slopes, of microsaccades show significant differences between near and far 3D 
target fixation, but not of 2D control targets. 2). Binocularity distributions, amplitudes, and main 
sequence slopes also show significant differences between near and far target fixation of certain 
2D illusional depth images, specifically the spiral illusion. 3). Microsaccade binocularity, 
amplitudes, and main sequence slopes are also different between near versus far Brock bead 
fixation.  
 
2.3 Materials and Methods 
 
2.3.1 Subjects  
Eight subjects participated in 60 minute long recording sessions. All subjects had normal 
vision or wore eyeglasses to correct to normal and were assumed to have normal oculomotor 
function. All paradigms show data from all eight subjects, except the depth illusion paradigm and 
the 3D sphere paradigm eye, which have data from seven of the participants.  
 
2.3.2 Video oculography system development 
A new video oculography (VOG) system was constructed for eye movement tracking. 
FLIR Blackfly cameras, model BFS-U3-13Y3M-C, were used along with Tamron C-Mount 
Lenses for eye recordings. In order to limit noise from visible light, infrared pass filters were 
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attached to camera lenses. Infrared LED arrays were used to illuminate subjects’ eyes to provide 
a constant source of light.  
 The VOG system was used in conjunction with the eye coil system by mounting  the 
cameras and IR LED arrays to a pole with a bite bar, supported by a set of poles on either side of 
the patient’s chair.  
 
2.3.3 Eye coils 
Data from scleral eye coils were sampled at 1000Hz. To limit discomfort, eye coils were left in 
place for a maximum of 60 minutes. Proparacaine eye drops were used as an anesthetic before eye 
coil placement, and fluorescein strips were used after the eye coils were taken out to check for 
scratches in the eyes.   
 
2.3.4 Experimental Design 
Subjects were head restrained by a bite bar while eye position was acquired by scleral eye 
coils at 1000 Hz in concurrence with a VOG system at 500 Hz, as described above. 
I tested three types of paradigms, with five in total. The first paradigm was the convergence 
board,  which consisted of spheres placed along the subject’s midline at 15cm (near) and 90cm 
(far) away on a clear plastic board. Subjects alternated between focusing on near and far sphere 
targets in intervals of 5 seconds for 5 minutes. Near and far targets were molded so that their retinal 
image sizes were the same. 
The second paradigm required the same task but instead in 2D with a picture of the spheres 
as a control against the 3D condition. The next set of paradigms involved 2D depth illusions, which 
consisted of a ‘Magic Eye’ image, and a spiral depth illusion pattern. In the Magic Eye image 
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condition, participants were instructed to converge their eyes in order to see a hidden 3D donut 
image, and to raise their hand when the donut was visible. When possible, the participant alternated 
between fixation on apparently “near” and “far” sections of the donut for 4 minutes total. For the 
second depth illusion paradigm, a spiral checkerboard depth illusion was displayed, and 
participants fixated alternatively for 5 seconds each over 4 minutes on areas of the picture which 
seemed “near” and “far”. 
 The last paradigm was an active 3D task called the Brock string exercise, which is a vision 
therapy technique for the purpose of improving convergence. Participants fixated on beads along 
a string at distances of 6, 18 and 24 inches away for 20 seconds each. During the Brock string 
exercise, binocular vision makes the single string appear as two, and subjects adjust their gaze 
such that the strings are perceived to cross in or at the desired bead.  
Several calibration trials were interspersed with these paradigms. These involved vertical 
and horizontal fixations on LEDs placed along a wall 122cm away at 5 degree increments from -
20 to 20 degrees.  
 
2.3.5 Microsaccade Detection 
Data were separated by specific targets being fixated on, and by “near” or “far” fixation 
depending on the task. Eye traces were first manually inspected to ensure microsaccades were not 
mislabeled or missed. Eye movements were analyzed in conjugate coordinates, where  
conjugate = (left eye + right eye)/2. 
A binocularity index was calculated in order to determine the degree of disconjugacy for 
each microsaccade, and was calculated as 
𝐼𝑏𝑖𝑛𝑜 = [𝑚𝑎𝑥(?̇?𝑙) − 𝑚𝑎𝑥(?̇?𝑟)]/[𝑚𝑎𝑥(?̇?𝑙) + 𝑚𝑎𝑥(?̇?𝑟)] 
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 with⁡ ?̇?𝑙  and ⁡ ?̇?𝑟  as the left and right eye velocities respectively. A binocularity index near 0 
signifies a more conjugate movement, while increasingly positive indexes indicate higher left eye 
amplitudes compared to right, and increasingly negative indexes mean a higher right eye amplitude 
compared to left. 
Data processing and microsaccade detection were based on algorithms used in Engbert & 
Kliegl, 2003. After data acquisition, left and right eye horizontal and vertical traces were 
independently processed and filtered at a cut-off frequency of 50 Hz. After filtering, the eye 
position time series were differentiated with a moving average of velocities over 5 data samples to 
suppress noise.  
𝑣𝑛⃗⃗⃗⃗ = ⁡




A velocity threshold was computed based on the median estimator of the velocity time 
series using the equation, 
𝜎𝑥,𝑦 = 〈𝑣𝑥,𝑦
2 〉 − 〈𝑣𝑥,𝑦〉
2 
 for both horizontal and vertical velocity components, in which the standard deviation of the 
velocity time series was multiplied by 𝜆 = 7 to give the horizontal and vertical thresholds 𝜂𝑥and 
𝜂𝑦. 
𝜂𝑥,𝑦 = 𝜆𝜎𝑥,𝑦 
Given the observed range of eye and therefore microsaccade velocities across different subjects 
and tasks, horizontal and vertical thresholds were quite low in some trace data, resulting in detected 
microsaccades that were found to be noise when visualized in eye position traces. Thus, in order 
to provide a clear standard for detection, a minimum velocity threshold of at least 5 degrees per 
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second was set. If the threshold provided through the calculations above was above 5 deg/s, then 
the calculated threshold was used for microsaccade detection.  
The horizontal and vertical thresholds were used to create an elliptical threshold when 
plotting the x and y velocity planes, as shown in the top row figures of Figure 2.6. Data points in 
the velocity time series were labelled as microsaccades using this velocity threshold, and local 
maxima and minima were identified in order to separate microsaccades from one another. 
Additional detection criteria were included based on existing literature, such as making sure 
microsaccade durations were between 10-300ms (Fang et al., 2018) and that intersaccadic 
distances were at least 20ms (Martinez-Conde group). Microsaccades are visualized in example 
position traces in the bottom row of Figure 2.6.  
 
2.3.6 Statistical Analysis 
 Microsaccades were first detected separately for both left and right eyes, and then combined 
for analysis. Microsaccade characteristics of binocularity, amplitude, main sequence slope, and rate 
were analyzed. Binocularity of microsaccades was analyzed by means of the binocularity index, 
which takes into account the peak velocities of the microsaccades in the right and left eye and 
provides a level of conjugacy for each microsaccade. Evaluated collectively for each fixation 
condition by combining the microsaccades across subjects, the microsaccade binocularity indices 
provide a distribution of the binocularity of eye movements during fixation of different targets. This 
binocularity distribution was found for each paradigm’s near and far condition and was compared 
across paradigms and between near and far conditions.  
Microsaccade amplitudes and main sequences (amplitude against peak velocity) were 
analyzed from conjugate traces rather than separate left and right eyes to give a more holistic picture 
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of these characteristics. In order to determine whether the slopes of the main sequences were 
significantly different between near and far conditions, each experimental paradigm’s pair of near 
and far main sequences were fitted to a line by least squares, and the slopes were compared using 
an f-test. Two-tailed t-tests were used to compare whether there were significant differences in 
binocularity distributions and in amplitudes between “near” and “far” conditions, as well between 
2D and 3D convergence board conditions. One-way ANOVAs allowed for comparing the 
distributions of “near” and “far” fixation between each of the five different experimental paradigms. 
Microsaccade rate was calculated as simply the combined number of microsaccades 





In this study, I analyzed microsaccade characteristics during various depth related viewing 
paradigms. These characteristics include the conjugate amplitudes, binocularity distributions, main 
sequence slopes, and microsaccade rates.  
 
2.4.1 Conjugate Characteristics 
Amplitude characteristics of microsaccades can be affected by the requirements of a task as 
well as specific features of the fixation target (Steinman, 1965, Martinez-Conde et al., 
2006;Valsecchi & Gegenfurtner, 2014; Amit et al., 2019). Accordingly, I first quantified amplitude 
distributions from the conjugate signals ( 
𝑙𝑒𝑓𝑡⁡𝑒𝑦𝑒⁡𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛⁡+⁡𝑟𝑖𝑔ℎ𝑡⁡𝑒𝑦𝑒⁡𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛
2
) across paradigms and 
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compared them using two-tailed t-tests. Specifically, I compared amplitudes of near vs far and eye 
coil vs VOG for each paradigm, and then compared amplitudes between paradigms. 
When analyzing eye coil recordings, the results show significant differences between 
amplitude distributions of near and far fixation during the 3D sphere, spiral depth illusion, and 
brock string paradigms (Figure 2.7; Table 2.4). The VOG recordings similarly show significant 
differences between the amplitudes of near and far fixation during the 3D sphere and Brock string 
paradigms. When comparing the amplitudes of paradigms between the data of our VOG and eye 
coil recording systems, I found significant differences between the majority of distributions. Due 
to this, I focus on characteristics given by microsaccades recorded by the eye coils. 
A secondary analysis was done comparing microsaccade amplitudes across all paradigms, 
in which an ANOVA revealed differences in amplitude distributions between most of the paradigms. 
In the far condition, statistical differences in amplitudes were found in microsaccades between the 
3D spheres and all other conditions as well as between the Magic Eye and all other conditions. In 
the near condition, the Magic Eye was again found to be statistically different from all other 
paradigms, while the 3D spheres and the Brock string paradigms showed significant amplitude 
differences with all paradigms except for one other. 
Main sequences (Figure 2.8, Table 2.1) were first found to be consistent with previous 
studies, in that microsaccade amplitudes were proportional to peak velocities. Slopes between 
paradigms were quite comparable and fell within a range of 23.84 to 30.08. F-tests were used to 
compare the regression line slopes between the near and far main sequences for each condition. 
Significant differences were found in all paradigms except that of the Magic Eye. The f-test 
values are much higher in the 3D sphere and spiral depth illusion comparisons, suggesting 
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greater likeliness of significant difference between the slopes of the near and far regression lines 
in those paradigms.   
Lastly, I compared microsaccade rates between the paradigms as the number of 
microsaccades over fixation duration (Figure 2.9, Table 2.2). Microsaccades appeared at average 
rates between 1 to 2 microsaccades per second for all paradigms and both depth fixation distances. 
Rates varied between subjects, e.g. rates across subjects during fixation of near 3D convergence 
board targets range from 1.14 to 2.02, 2D convergence board targets .30 to 1.59, depth illusion 0.24 
to 1.96, Magic Eye .64 to 1.73, and brock string exercise .83 to 1.51. A one-way ANOVA analysis 
was performed between the rates of the different paradigms and displayed no significant differences 
for both near (P = .755) and far (P = .783) conditions. 
 
2.4.2 Microsaccade Binocularity 
 My main focus was on the degree of disconjugacy of microsaccades, particularly between 
different fixational depths and between 3D vs 2D conditions. Modeling the study of microsaccade 
binocularity such as Cullen and Van Horn, 2012, I found a distribution of disconjugate movements 
between the left and right eyes, quantified by the binocularity index  𝐼𝑏𝑖𝑛𝑜  calculated for each 
microsaccade. To compare these distributions across different parameters, I utilized two-tailed t-
tests on binocularity indexes to understand whether there was a significant difference between 
distributions that occur during different fixation or task conditions.  
First I compared eye movements for near and far targets between the 3D and 2D sphere 
paradigms. These t-tests on microsaccade binocularity indices in coil recordings showed 
significant differences between the 3D and 2D conditions during near target fixation, but not 
during far target fixation (Table 2.3). In comparing the binocularity distributions for coil-
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recorded near and far conditions for the rest of the experimental paradigms, I found significant 
differences between near and far fixation for the 3D spheres, spiral depth illusion, and Brock 
string paradigms (Table 2.4). Comparing the near and far fixations of the experimental 
paradigms in the VOG recordings, I find generally the same results as the eye coil recordings, 
except a lack of significant difference in the spiral illusion paradigm. In viewing the proportions 
of microsaccades of different binocularities, as expected, I find that the majority are conjugate, 
with small fractions of disconjugate microsaccades (Figures 2.10-2.13). I also found that 
disconjugate microsaccades are skewed toward larger left eye peak velocities compared to the 
right eye, seen in the binocularity index distributions shown in graphs C and D of figures 2.10 
through 2.13, where a binocularity index above 0 indicates a greater left eye movement, and 
below 0 indicates a greater right eye movement. Tables 2.3 and 2.4 p-values where <.05 signifies 
rejection of the null. Lastly, a one-way ANOVA showed that there are statistical differences 
between the binocularity distributions of the paradigms for both near (P = .0467) and far (P 
= .010) conditions. Comparing between paradigms with ANOVA, significant differences in 
binocularity were found between the far conditions of the 3D spheres against both the far Magic 
Eye (P = .0111) and the far spiral illusion (.0287), and between the near Magic Eye and near 
Brock string (P = .036) paradigms.  
 
2.4.3 Comparison between Eye coils and VOG Systems 
The new VOG system in this study was developed as another means to track eye movements 
non-invasively. As a way to evaluate how well the VOG system fared against the eye coil system, 
I compared binocularity and amplitudes of various conditions between and amongst VOG and coil 
recorded microsaccades. The binocularity and amplitude comparisons in Table 2.4 between near 
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and far demonstrate that many of the statistical differences carry over between eye coil and VOG 
detected microsaccades. However, while the VOG works well in some cases, it does seem to miss 
some aspects of microsaccades that can be pulled out with coils. For example, I also applied the 
two-tailed t-tests on the binocularity index distributions for near and far conditions between coil 
and VOG detected microsaccades for each paradigm. This gave significant differences in the far 
3D (P = .010) and 2D (P = .003) convergence board and Magic Eye (P = .009) as well as near brock 
string (P = .0113) and spiral illusion (P < .0001) paradigms. The presence of such differences in the 
binocularity distributions of the microsaccades found between coil data and VOG data implies 
variability in eye tracking consistency for our VOG system.  
In visualizing the traces between VOG and eye coil recordings (Figure 2.5), VOG traces 
generally mirror eye coil traces, but display much more drift and noise. Spatial noise for the two 
systems was calculated by averaging the baseline peak to peak noise in the eye coil and VOG traces 
in the first few seconds of each subject’s calibration, and was found to be .23±.08 degrees for the 
VOG system compared to.02±.01 degrees for the eye coils. VOG noise levels, being 90% higher 
than coil noise levels, may not afford accurate detection of microsaccades, as high noise amplitudes 
can hide or obstruct the small eye movements in recordings. This would subsequently affect the 
characteristics of microsaccades recorded by the VOG system and lower the accuracy of statistical 
measurements made between such characteristics. 
 Some traces show great potential for this VOG system, as seen in Figure 2.5D, where the 
left eye coil and VOG traces are overlayed. Using left eye traces from the 3D sphere paradigm, an 
average variance accounted for (VAF) was calculated across all subjects to be .86±.15, revealing a 
high correlation between the two systems. However while the VAF suggests that these VOG 
recordings provide a decent estimate of the coil recordings, the differences in significance found in 
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microsaccade characteristics using eye coils versus VOG conveys that the high noise levels of the 
VOG system are inadequate for properly recording microsaccades. Thus, as eye coils are the gold 
standard of eye tracking, moving forward the discussion pertains to the data set obtained with the 




2.5.1 Summary of Results  
The aims of this thesis were: 1) To examine the binocular conjugacy-disconjugacy 
distribution of microsaccades during fixation of near and far sphere targets in 3D and in a 
control, a 2D image of the targets. 2) To inspect these microsaccade characteristics during 
fixation of near and far in 2D images with the perception of depth. And 3) lastly compare these 
results with a comparable analysis of microsaccades during the Brock string exercise, a vision 
therapy exercise for improving convergence. 
To date, the majority of studies that investigated microsaccades have defined 
microsaccades as strictly conjugate events. Indeed, Engbert & Kliegl, 2003’s original 
microsaccade detection algorithm requires the rejection of monocular microsaccades. However, 
disconjugate microsaccades are evidenced both by eye movement recordings and neural 
pathways. Accordingly, here I recorded microsaccades in human subjects during different depth 
related 2D and 3D fixational and convergence tasks to see how binocularity might be affected by 
depth. 
Overall, I found disconjugate movements in the microsaccades I recorded. In addition, to 
analyzing their degrees of disconjugacy, I quantified the conjugate amplitudes, main sequence 
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slopes, and rates of microsaccades made at different fixation viewing differences. Binocularity 
distributions, amplitude distributions, and main sequence slopes were significantly different 
between near and far sphere fixations in the 3D convergence board task. When comparing 
microsaccade characteristics between the 3D spheres and their 2D control image, near conditions 
showed differences in both binocularity and amplitude, while far conditions showed significant 
differences in only amplitude. Significant differences were also found between microsaccades in 
the near and far conditions of the same three characteristics in the spiral depth illusion paradigm 
and the brock string exercise. 
 
2.5.2 Microsaccades during 3D vs 2D viewing 
 While most studies use 2D fixational targets and tasks in recording microsaccades, 2D tasks 
lack the depth cues afforded in everyday activities. Therefore microsaccades in these tasks may not 
have the same characteristics as those made to actual real world targets. Like Gautier et al., 2016, I 
found disconjugate microsaccades in humans, though Gautier et al.’s tasks focused on 
discrimination in comparison to fixation. I also found the degree of disconjugacy in microsaccades 
to change between near and far sphere fixations (Table 2.4), as well as between the near target 3D 
and 2D (Table 2.3).  
With the differences in this binocularity, or coordination between the two eyes, my original 
hypothesis holds that there would be differences in microsaccades during near and far target 
fixations, due to the presence of depth information. It is interesting, however, that my findings 
regarding microsaccade binocularity distributions in humans differed in comparison with another 
recent study of disconjugacy in nonhuman primates. In particular, Van Horn & Cullen, 2011 studied 
microsaccades in rhesus monkeys during fixation of near and far LEDs, and found binocularity 
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distributions to be comparable rather than different in both near and far viewing, and disconjugate 
microsaccades to be in higher proportions than I found in the present study. As the literature 
concerning binocularity in microsaccades is quite sparse, more research is needed to better 
understand how depth information as well as other characteristics of a fixation task may affect 
microsaccade disconjugacy. Overall, my results suggest that depth affords information to the brain 
that affects the binocularity and amplitudes of microsaccades. 
 
2.5.3 Microsaccades during fixation in 2D perceptual depth  
 In comparison to the sphere targets in real 3D, I decided to investigate how the perception 
of depth in the lack of real depth might affect microsaccade characteristics using two different 
images. In the first, subjects were instructed to produce the perception of a hidden 3D donut in a 
Magic Eye image (Figure 2.2) by holding their eyes in a converged state and fixating between near 
and far aspects of the donut. In the second, subjects were instructed to fixate between near and far 
looking areas in a spiral depth illusion (Figure 2.3). Microsaccade binocularity distributions were 
found to significantly differ between near and far fixations of the spiral illusion. This suggests that 
depth illusions afford information to the eyes similar to the depth cues in 3D. Given the differences 
in microsaccade characteristics in the spiral illusion, I expected to see differences in the Magic Eye 
paradigm as well. However, microsaccades were not statistically different in any characteristic 
distribution for the Magic Eye task in near and far conditions. Microsaccade rates during Magic 
Eye viewing were also generally the lowest compared to other paradigms, with near and far rates 
at 1.13 and 1.17 microsaccades/second respectively. The lower overall microsaccade rates and the 
lack of significant difference between microsaccade binocularity and amplitudes in near and far 
fixation of the Magic Eye task may be due to the active motor and cognitive tasks of holding the 
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eyes in a partially converged state to perceive the hidden 3D image, as well as due to the reduced 
precision of target points in the task.  
  
2.5.4: Microsaccades during the Brock string exercise 
My last paradigm was the Brock string exercise (Figure 2.4), a vision therapy technique in 
which subjects actively converge focus on beads at different distances away along a string (Clark 
et al., 2015). Subjects are asked to adjust their fixation point to make sure two perceptual strings 
cross at the bead of fixation. In this paradigm, I saw differences in near versus far viewing in both 
binocularity measures and in amplitudes. This again indicates that fixation distance  affects the 
behavior of microsaccades. The context of this study focused on binocularity and differences 
between near and far fixation conditions, but future studies with the Brock string or similar 
rehabilitation-focused paradigms may give greater insight into how active vision therapies improve 
and train eye coordination. Specifically, microsaccade binocularity, as well as amplitudes and rates 
can be compared before and after practicing with the Brock string to investigate whether 
microsaccades have a role in improving binocular coordination and convergence. A point of interest 
in assessing eye movements during the Brock string exercises is the active maintenance of vergence, 
as can be seen in the example eye traces in Figure 2.13 where the left and right eye slowly alternate 
in converging and verging on the brock bead target.   
In comparison to the 3D spheres of the convergence board, microsaccade amplitudes during 
fixation of the far 3D spheres tended to be higher than during fixation of near, while the opposite is 
true in the Brock string exercise, with higher amplitudes during near fixation than far. I hypothesize 
that the size of the target on the retina may influence this difference in amplitude distributions of 
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near and far, as the near and far 3D spherical targets were molded to take up the same size on the 
retina, while the Brock string beads were not.  
 
2.5.5 Binocularity Distributions in Microsaccades 
 The results summarized above show that the degree of disconjugacy of microsaccades, or 
their binocularity, can be affected by visual depth cues, as differences were found between 
binocularity distributions in near versus far viewing of spheres in 3D. In the literature discussing 
binocularity in microsaccades, there have been debates over whether disconjugate or monocular 
microsaccades are real. Some report a lack of detection of monocular microsaccades (Fang et al., 
2018) and/or believe disconjugate microsaccades to be mislabeled or invalid detections from 
standard microsaccade detection algorithms (Nyström et al., 2017). However, disconjugate 
microsaccades and their characteristics have been recorded and studied in monkeys (Van Horn & 
Cullen, 2011) as well as in humans (Gautier et al., 2016), and there is a physiological basis to the 
presence of disconjugate microsaccades (see section 1.10). Furthermore, studies such as Nyström 
et al., 2017 used a 2D fixational cross as a target, which would not have provided any cues about 
depth to the visual system. Fang et al., 2018 did use small LEDs as fixation targets between 50-
60cm from the subject and found very few monocular microsaccades. However, their study 
included paradigms with free head movements, which could have changed the characteristics of the 
microsaccades, and recorded eye movements using a Dual Purkinje Image eye tracker rather than 





2.5.6 Future Work 
More studies and trials will be needed to fully understand how the degree of disconjugacy 
in microsaccades might change with depth cues. In this study, I found differences in binocularity 
and amplitude distributions between near and far fixational targets during both 3D viewing 
conditions as well as depth illusion conditions. Future work could look deeper into the properties 
of microsaccades in regards to illusional fixation. For example, Troncoso et al., 2008 and Otero-
Millan et al., 2012 found that microsaccades drive illusory motion in the Enigma illusion and the 
rotating snakes illusion, suggesting possible roles for microsaccades in depth related illusions as 
well.  
Lastly, the VOG system developed in this study was found to adequately approximate the 
coil trace, but had much greater noise in comparison to the eye coils. Therefore, some differences 
in microsaccade characteristics found in the eye coil data were missed using the VOG system, 
emphasizing the need for minimal noise in microsaccade characterization. With adjustments to 
factors such as lighting, zoom, or head mobility, the VOG system has the potential to reduce 
noise and more accurately record microsaccades. This could allow for less reliance on the eye 









Chapter 3: DISCUSSION 
 
3.1 Summary 
In this thesis, I measured microsaccades during fixation of various 2D and 3D targets and 
examined characteristics of binocularity, amplitude, main sequence slopes, and rate. I found 
microsaccade binocularity, amplitudes, and main sequence slopes to be significantly different 
between the near and far conditions of the 3D convergence board, Brock string bead exercise, 
and the depth illusion paradigms. I also found microsaccade amplitude distributions often 
differed between paradigms, with the Magic Eye amplitudes especially high. Thus, my data 
suggests that depth cues produce differences in perception processing, leading to differences in 
microsaccade behavior.  
 
3.2 The VOG System 
During my experiments, I recorded eye movements using an eye coil system concurrently 
with our developed VOG system to validate whether the VOG system could record accurately 
enough to warrant future use without eye coils. In particular, I wanted to confirm whether my 
main findings obtained using eye coils could also be demonstrated using our VOG system.  
Overall, my analysis of the VOG data resulted in similar conclusions to my analysis of 
the eye coil data. Notably, when comparing distributions of binocularity between near and far, 
both coil and VOG data showed significant differences between some of the same paradigms, 
namely the 3D sphere targets, the spiral depth illusion, and the Brock string exercise. Comparing 
amplitude distributions also produced similar results between the coil and VOG system, though 
with some discrepancies in directional bias of microsaccade amplitudes and in the degree of 
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significant difference. Furthermore, the average variance accounted for (VAF) between sampled 
eye coil and VOG traces was calculated to be .86±.15, suggesting that the VOG system can 
approximate coil results to a certain extent. 
However, despite the similarities found between eye coil and VOG results, the VOG 
recordings contained noise levels that were 90% higher than in the former. These higher noise 
levels limit the ability to quantify microsaccade characteristics, as seen by how the eye coils 
recorded differences in characteristics that did not reach significance in the VOG data. Thus, 
accurate characterization of microsaccades requires the use of eye recording techniques with 
minimal noise. VOG recordings showed both low and high frequency noise (Figure 2.5D), the 
low frequency noise possibly due to head movements as the bite bar is quite limited in restricting 
head movements, and the high frequency noise likely due to algorithmic noise inherent to our 
pupil tracking approach. Eye coil noise was minimal and may be due to the conversion of the 
signals from analog to digital.  
Given that there was on average 90% less noise in the eye coil than in the VOG traces, I 
focused my analysis and discussion in chapter 2 on the data from eye coil recordings. Other 
studies have compared different VOG systems with eye coils as well. For example, van der 
Geest & Frens, 2001 compared the EyeLink version 2.04 with the eye coil technique on 
recording fixations and saccades and found saccade parameters of amplitude, duration and peak 
velocities were highly correlated between the two systems, but that the video system’s low frame 
rate of 250Hz compared to the eye coil’s 500Hz limited the accuracy of the saccade peak 
velocities. In another study, Houben, Goumans & van der Steen, 2006 compared the Chronos, a 
video-based infrared 3D eye tracker with a 200Hz frame rate, with the coil method at 1000Hz 
sampling during fixation, saccades, and optokinetic and vestibular stimulation, and found 
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saccade parameters of peak velocity and duration to be correlated but not completely identical. 
Both van der Geest & Frens, 2001 and Houben, Goumans & van der Steen, 2006 concluded that 
coils provide better signals, but that these early VOGs could be good alternatives for less 
demanding tests. Lastly, in a more recent study, McCamy et al., 2015 simultaneously recorded 
microsaccades using an EyeLink 1000 video system sampled at 1000Hz with a coil system also 
at 1000Hz and found that 95% of microsaccades detected with each system to be also detected in 
the other. Notably, all these studies found that peak velocities and main sequence slopes were 
higher in VOG tracking compared to eye coil tracking.  
Indeed, with continual improvements in the camera systems and tracking algorithms, I 
speculate that we will see further improvements in VOG systems such that noise levels become 
low enough to allow for highly accurate non-invasive eye tracking of microsaccades in humans. 
Future studies could also consider tracking head movement to test if removing such signals 
produces cleaner VOG data. 
 
3.3 Future work 
As the ranges for the microsaccade rates across paradigms and depth viewing are quite 
large, I do not dismiss the possibility of microsaccades being missed or mislabeled by the 
algorithm used. This thesis project used an adaption of the microsaccade detection algorithm 
developed by Engbert & Kliegl, as this algorithm has been commonly used in the literature. This 
algorithm, however, is about 20 years old now, and while it generally detects microsaccades 
well, it may not be the most accurate algorithm possible. Recent studies have looked into 
different methods for microsaccade detection; for example, Otero-Millan et al., 2014 found that 
an unsupervised clustering method gave 62% fewer errors for binocular data, and 78% fewer for 
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monocular data, compared to the Engbert & Kliegl algorithm. In future work, perhaps a new 
microsaccade detection strategy such as this unsupervised clustering method could be used. 
This study also did not characterize microsaccades during the Brock string exercise over 
time or examine improvement in convergence. However, this may be an important area for the 
study of eye movements in vision therapies. Future work might be able to look at microsaccades 
during free viewing of targets at different depths, or go into greater depth of analysis on their role 
in vision therapies such as the Brock string exercise, which requires longer fixational gazes on 
each bead and additional practice times.  
 
3.4 Conclusion 
In conclusion, while microsaccades are mostly conjugate, the presence of disconjugate 
microsaccades should not be discounted. Our results may give new insight into how 
microsaccades are influenced by depth cues, and how the processing of bottom-up feedback may 












Eye movement  Function 
Saccades Voluntary Redirecting gaze 
Smooth pursuit Voluntary Tracking moving objects 
Vergence Voluntary Rotating eyes to look at different depths 
Vestibulo-ocular reflex Involuntary Keeping retinal images stable while the head moves 
Optokinetic reflex Involuntary Stabilizing vision during movement of peripheral 
targets 





  Coil near Coil far F test value Significant 
difference 
3Dboard 30.31 25.28 38.97 1 
2Dboard 25.95 24.59 5.96 1 
Magic Eye 24.14 24.89 3.07 0 
Spiral Illusion 27.59 30.08 25.41 1 
Brock String 23.84 26.37 7.13 1 
Table 2.1: Main sequence slopes over all subjects for each condition, including F-test values between 
near and far slopes and resulting significant difference. 1 signifies that the F-test value conveys a 
significant difference; Differences were found in slopes between near and far fixation main sequence for 








Far fixation Far stdev 
3Dboard 1.36 0.28 1.56 0.66 
2Dboard 1.15 0.48 1.25 0.56 
Magic Eye 1.13 0.25 1.17 0.66 
Spiral Illusion 1.23 0.39 1.32 0.45 
Brock string 1.34 0.62 1.33 0.61 
Table 2.2: Average microsaccade rates for each paradigm, in microsaccades per second. No significant 









Table 2.3: Summarizing significant differences between binocularity and amplitude distributions during 
2D vs 3D fixation of the convergence board targets, determined by p-values given by nonparametric 2-
tailed t-tests. A p-value under .05 signifies rejection of the null hypothesis.  
The number of *’s next to a p-value indicates the level of significance, where p < .05 = *, p < .01 = **, 
and p < .001 = ***. Purple stars represent if the 3D condition has a greater level of disconjugacy or a 
greater median amplitude; Yellow stars represent the same but for the 2D condition. Coil recordings of 
microsaccades show great significant differences between 2D and 3D sphere fixation conditions where 
the 3D condition gave greater proportions of disconjugate microsaccades. There appears to be some 
match between the eye coil and VOG systems in amplitude related significant findings. 
 
 
  2D vs 3D: 
Near BI 
2D vs 3D 
Far BI 
2D vs 3D : 
Near Amp 




.0004*** .8814 <.0001*** <.0001*** 
VOG 
recordings 
.0825 .2658 .0197* <.0001*** 
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Table 2.4: Significant differences between disconjugacy and amplitude distributions, determined by p-
values given by nonparametric 2-tailed t-test comparisons. A p-value under .05 signifies rejection of the 
null hypothesis. Binocularity, or disconjugacy distributions, are quantified by the binocularity index 
measured for each microsaccade.  
The number of *’s next to a p-value indicates the level of significance, where p < .05 = *, p < .01 = **, 
and p < .001 = ***. Green stars represent if the near condition has a greater level of disconjugacy or a 
greater median amplitude; Red stars represent the same but for the far condition. Significant differences 
were found consistently across both binocularity and amplitude distributions for the 3D sphere board, 












Characteristic Binocularity Index Amplitude 
Comparison 
Coil: 
Near vs far 
VOG: 
near vs far 
Coil: 
Near vs far 
VOG: 
near vs far 
3Dboard <.0001*** .0001*** .0299* <.0001*** 
2Dboard .1798 .7248 .5067 .1524 
Magic Eye .6082 .0553 .2634 .0213* 
Spiral Illusion <.0001*** .8071 .0016** .3198 





Figure 1.1: The saccadic pathway. The superior colliculus (SC) receives input from various cortical 
areas, and is organized as a gaze control motor map. Stimulation towards the caudal side of the SC drives 
higher amplitude saccades, and stimulation away from the midline (which runs from the rostral to caudal 
ends) drives larger changes in saccade direction. Microsaccades are generated in the rostral side of the 
SC, which also projects to the nucleus raphe pontis (NRP). The NRP holds omnipause neurons that pause 
in firing during saccadic movements. Generation of saccades is found in two main parallel pathways that 
run generally through the midbrain for vertical saccades and through the pons for horizontal saccades. 
Saccadic burst neurons (SBNs) both in the pons and the midbrain project to a nuclei layer, from which the 
medial longitudinal fasciculus (MLF) helps coordinate the eye muscles such that conjugate movements 




Figure 1.2: A). The Enigma illusion (Troncoso et al., 2007). B). The rotating snakes illusion (Otero-






















Figure 1.3: The neural control of disconjugate saccades. Ewald Hering believed that the eye muscles 
were equally innervated, resulting in primarily conjugate eye movements. Following Hering’s ‘law of 
equal innervation’, microsaccades have classically thought to be conjugate movements, modified by 
outside vergence commands. On the other side of the Binocular Control debate was Hermann von 
Helmholtz, who believed the eyes to be initially wired to move independently. Saccades have now been 
shown to be encoded by saccadic burst neurons (SBNs) for each individual eye, disproving Hering’s law 


































Figure 1.4: Example velocity traces for conjugate and disconjugate microsaccades. (Van Horn & Cullen, 
2011) 
Figure 1.5: Distribution of binocularity or the degree of conjugacy for microsaccades found during far 
and near viewing in non-human primates (Van Horn & Cullen, 2011). White squares indicate fully 















Figure 2.2: Magic Eye image. Seeing the hidden 3D donut requires convergence of the eyes. Subjects 



































Figure 2.4: An example of how the Brock string exercise works. When looking at the middle bead, the 
subject should see 2 strings and sets of near and far beads, and the strings should cross at the bead. Seeing 
the strings cross before or after the bead requires adjusting one’s gaze such that the strings cross in or at 















Figure 2.5: Example traces during convergence board target fixation from the same example subject and 
recording time. Both eyes were recorded simultaneously using the VOG and eye coil systems, with left, 
right, and conjugate position traces shown. A). Eye coil traces. B). Raw VOG traces. C). Detrended VOG 
traces. D). Overlayed eye coil and VOG traces. The VOG eye position trace has larger noise oscillations 
and carries some drift compared to the eye coil position trace, but overall follows the eye coil fairly well. 








Figure 2.6: Three examples of microsaccade detection. The top figures are examples of how the  
microsaccade detection algorithm works. Velocity points outside an elliptical threshold boundary are then 





Figure 2.7: Mean amplitudes of microsaccades for each condition and paradigm with standard deviations. 
P-values for near and far conditions of each paradigm are listed in Table 2.4. Similar to Table 2.4, the 
number of *’s between a pair of near and far condition bars symbolizes the level of significance, where p 
< .05 = *, p < .01 = **, and p < .001 = ***. Green stars represent if the near condition has a greater level 
of disconjugacy or a greater median amplitude; Red stars represent the same but for the far condition. 
Significant differences were found consistently across both binocularity and amplitude distributions for 








Figure 2.8: Main sequences of microsaccades from near and far fixation of 3D and 2D spheres, main 
sequences from the Magic Eye, Spiral illusion, and Brock String paradigms not shown. Slopes can be 
found in Table 2.1, data analysis used eye coil traces. Microsaccades show linear trends when plotting 
peak velocity against amplitude, consistent with previous studies. Significant differences were found 































Near target 3D board fixations




























Far target 3D board fixations




























Near target 2D board fixations




























Far target 2D board fixations



















Figure 2.9: Average microsaccade rates for each paradigm indicated by diamonds, in microsaccades per 






Figure 2.10: Microsaccade characteristics during 2D vs 3D sphere fixations. A-D): Binocularity 
distributions during fixation of the A). Near 2D sphere, B). Near 3D sphere, C). Far 2D sphere, and D). 
Far 3D sphere. E). Amplitude distribution of microsaccades during near and far 2D sphere fixations. F). 
Amplitude distribution of microsaccades during near and far 3D sphere fixations.  
In comparing microsaccade characteristics between 2D vs 3D spheres for both near and far conditions,, 
significant differences were found between the 2D and 3D fixations of near binocularity and near and far 
amplitude distributions. In comparing between near and far conditions for the 2D, no significant 
differences were found in both binocularity and amplitude distributions. In the 3D sphere paradigm, 
binocularity of microsaccades between the near and far conditions were found to be significantly 
different, and microsaccades during far sphere fixation seem to have a greater fraction of disconjugate 
movements, as indicated by its lower proportion of fully conjugate movements. P-values for comparisons 

























Figure 2.11: Example traces, binocularity distributions, and amplitude distributions for microsaccades in 
near and far fixation during the Magic Eye task. A). Example eye coil traces during near fixation for left 
and right eye movements. B). Example eye coil traces during far fixation for left and right eye 
movements. C). Binocularity distribution for microsaccades derived from the eye coil trace during near 
fixation. D). Binocularity distribution for microsaccades derived from the eye coil trace during far 
fixation. E). Amplitude distributions based on microsaccades derived from the eye coil traces for both 
near and far fixation. 
Binocularity and amplitude histograms are graphed with data from all subjects combined. A and 
B show examples of how eye positions between the right and left move in disconjugate and disconjugate 
movements respectively. Graphs in the top row show data from near fixation, the bottom row showing 
data from far fixation. Microsaccades between near and far fixation during the Magic Eye task were not 























Figure 2.12: Example traces, binocularity distributions, and amplitude distributions for microsaccades in 
near and far fixation during the spiral depth illusion exercise. Binocularity and amplitude histograms are 
graphed with data from all subjects combined. Binocularity and amplitude distributions were significantly 
different between microsaccades during near and far fixation. In graphs C vs D, the binocularity of 
microsaccades during near fixation seem to have higher proportions of disconjugate microsaccades, while 
























Figure 2.13: Example traces, binocularity distributions, and amplitude distributions for microsaccades in 
near and far fixation during the Brock string exercise task. A and B). Active convergence and vergence 
movements can be seen in the eye movements traces as the subject adjusts their gaze on the brock string 
beads. C and D). Significant differences were found between binocularity of near vs far fixation during 
the Brock String exercise. Microsaccades during far fixation seem to have a greater difference in 
proportions of disconjugate movements made by the left and right eye, compared to during near fixation 
in which these proportions are more similar. E). Amplitudes between near and far fixation form separate, 
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3Dboard 1 1 1 1 1 1 0 1 
2Dboard 0 1 0 0 0 0 1 1 
Brock string 1 1 1 1 1 1 1 1 
Magic eye 0 0 0 0 0 0 0 0 
Depth illusion 1 1 0 1 1 0 1 1 
Figure:  Binocularity index distribution comparisons across all conditions of near vs far 
and VOG vs eye coil, 1 indicating significant difference, 0 indicating no statistical 
difference. Unpaired 2-tailed t-tests were used to look at the differences in binocularity and 
amplitude between conditions.  
 
